This study performed a large-scale, high-throughput analysis of transcriptional profiling of liver stellate cells (LSCs) at the cellular level to investigate changes in the biological activity of LSCs during rat liver regeneration (LR) and the relation of these changes to LR. First, a rat liver regeneration model was established by partial hepatectomy (PH). Stellate cells were isolated in high purity and yield from the regenerating rat liver by Percoll density gradient centrifugation and immunomagnetic bead sorting. The changes in gene expression of LSCs after PH were examined using a rat genome 230 2.0 array composed of 24622 genes. The results indicated that 10241 of the 24622 genes investigated on the array were differentially expressed in LSCs. Of the 10241 genes, 1563 known genes were related to LR, which were grouped into three major gene expression clusters according to three-fold cut-off threshold: the upregulated gene cluster, the down-regulated gene cluster, and the cluster composed of genes showing complex changes in expression. Additionally, the genes were grouped into those involved in transcription regulation, signal transduction, transport, cellular metabolism, inflammation and immunity by functional analysis. When gene expression profiles were combined with the results of gene functional analysis, most of the genes involved in cytokine secretion and retinol metabolism in LSCs were significantly enriched in the cluster characterized by decreased expression, whereas genes involved in lipid metabolism were mostly enriched in the cluster showing increased expression. Based on further analysis of genes expressed in a phase-dependent manner during LR, it was suggested that lipid metabolism in LSCs was enhanced in the whole regeneration process, and that immune response and cytokine secretion were impaired during all three regenerative phases.
INTRODUCTION
Liver stellate cells (LSCs) are a population of specific mesenchymal cells in the liver (Zheng et al., 2009 ). The quiescent LSCs are usually located in the space of Disse, making up approximately one-third of nonparenchymal cells and 8-13% of total liver cells (Mohammed and Khokha, 2005) . LSCs have a spindle-shaped cell body with round or oval shaped nuclei, and contain retinol and lipid-storing droplets of different sizes (Atzori et al., 2009) . Under normal conditions, LSCs possess a high capacity to store vitamin A (Budny et al., 2007) , and also serve as antigen presenting cells to regulate immunity and inflammation (Friedman, 2008) . After liver injury, LSCs are activated and pass from the quiescent state to the proliferative state during which they acquire the myofibroblast phenotype (Passino et al., 2007) . This transition is companied by the loss of droplets and the secretion of a large amount of extracellular matrix components, such as the adhesion molecules ICAM1, VCAM1, NCAM, which are involved in recruiting inflammatory cells (Kubota et al., 2007) .
Although there is some evidence supporting the involvement of LSCs in liver regeneration (LR), very little is known about the role of LSCs in LR (Balabaud et al., 2004) . As far as we know, it has been demonstrated through the work of Asahina et al. (2002) that stellate cells could promote hepatocyte regeneration by secreting cytokines after partial hepatectomy (PH). The study conducted by Passino et al. (2007) demonstrated that the neurotrophin signaling pathway in LSCs contributes to hepatocellular growth by stimulating HGF secretion after liver injury. Until now, it has been unclear whether stellate cells are indispensable for promoting hepatocellular regeneration. Therefore, measuring the transcription profiles in stellate cells during the regeneration process would help understand the relevance of this cell population to liver regeneration at the molecular level. Chip assays have been used on stellate cells to yield new insights into its biology (Asselah et al., 2007) . However, this technique requires a lot of stellate cells. In the early 1980s, Knook et al. (1982) utilized density gradient centrifugation to isolate stellate cells. However, the stellate cell fraction obtained by this method alone was always contaminated by ~5% of other nonparenchymal cells. In this study, we obtained stellate cells of high purity from rat regenerating liver through a combination of density gradient centrifugation with immunomagnetic bead sorting. The gene expression profiles of LSCs were analyzed during LR using a rat genome 230 2.0 array and the changes in the biological activities predicted by the transcriptome atlas of the cells, thus providing the valuable information about the mechanism of LR at the cellular level.
MATERIALS AND METHODS
Preparation of the rat 2/3 hepatectomy model A total of 114 adult healthy Sprague-Dawley (SD) rats weighing between 190 ± 20 g were used for this experiment. They were obtained from the Experimental Animal Center of Henan Normal University, and were housed in a controlled temperature room (22 ± 1°C) with a 12:12 h light-dark cycle (light form at 8:00 a.m to 20:00 p.m.) and free access to food and water. The animals were randomized into 19 groups (6 rats per group) consisting of nine PH groups, nine sham operation (SO) groups and one control group. A 2/3 hepatectomy operation was carried out by the method of Higgins and Anderson (1931) , with surgical removal of the left lateral and median liver lobes. Nine groups of the partially hepatectomized rats were then allowed access to food and water ad libitum for 2, 6, 12, 24, 30, 36, 72, 120 and 168 h, respectively. The rats in the SO groups received the same treatment as those in the PH groups, except that liver lobe oblation was not performed. Rats in the control group, that's 0-hour sample of both SO groups and PH groups, underwent perfusion immediately after surgical removal of the left and median lobes. All operations and handling procedures were strictly in accordance with the current Animal Protection Law of China.
Isolation of liver stellate cells
The rats were anesthetized by ether and sterilized with 75% alcohol prior to opening the abdominal cavity. Rats were subjected to ligation of the inferior vena cava (IVC) both below and above the liver, followed by catheterization of the liver portal vein. The liver was perfused via the portal vein with D-Hank's solution at 37°C at a rate of 10-20 ml/min, followed by perfusion with 0.05% collagenase IV at the same rate. Perfused liver samples from six rats per group were cut into pieces and shake-incubated in 15 ml 0.05% IV-type collagenase solution at 37°C for 15 min. The digested sample was filtered through a 200-mesh nylon net. The filtrate was centrifuged at 500 g for 3 min, followed by washing the pellet three times in phosphate buffered saline (PBS) buffer at 4°C. Then, the mixed cell suspension was spread on the surface of a discontinuous Percoll densityt gradient column (4 ml) for centrifugation at 400 × g for 5 min at 4°C. The resulting pellet contained LSCs-enriched liver nonparenchymal cells (NPC). The cell density was adjusted to 1 × 10 8 cells/ml and the cells were mixed with 10 ul/ml of rat GFAP antibody for 15 min at 4°C, then with 10 ul/ml of anti-GFAP-PE for another 15 min, and then the cell suspension was added to 10 ul/ml of rat anti-PE magnetic beads. After loading the cell suspension onto a separation column in a magnetic field, the sample was allowed to flow freely until all the solution had passed through the column. The magnetic field was removed, and the separation column was washed twice in PBS buffer at 4°C. The eluted fractions contained LSCs. The cell survival rate was then evaluated by the trypan blue staining method.
Immunocytochemical analysis A few purified liver stellate cells were fixed with 10% formaldehyde for 30 min, and then smeared onto glass slides. When the cell suspension had dried on the glass slide, microwave antigen retrieval performance was done. The sections were incubated separately with a 1:200 dilution (V/V) of DES and VIM antibodies overnight at 4°C and then with a 1:5000 (V/V) diluted biotinlabeled secondary antibody at 37°C for 60 min. Streptavidinbiotin complex (SABC) hybridization was then performed at 37°C for 30 min and the sections were observed and analyzed under an optical microscope.
Microarray detection
Total RNA from the isolated LSCs of six rats per group at different time points was pooled using a Trizol mini kit (Invitrogen Corporation, USA) according to the manufacturer's instructions (Norton, 1992) , and then quantified by optical density measurement at 260/280 nm and agarose electrophoresis (180 V, 0.5 h) (Scott, 1995) . Total RNA from stellate cells at different time points after PH was used for array analysis. Nineteen independent microarray (one genechip corresponds to a cell sample at one time point) analyses were performed using the Affimetrix rat genome 230 2.0 chip (Affymetrix Inc., USA) (Wang et al., 2009) . To minimize for technical errors from array analyses, the cell sample in each time point was arrayed repeatedly for three times using the rat genome 230 2.0 array, totaling 3 arrays × 19 groups.
Data analysis and normalization GCOS 2.0 software (Affymetrix) was used to evaluate the expression signals generated by rat genome 230 2.0 array. The data for each microarray were normalized by scaling all signals to a target intensity of 300. Each probe set used in the Affymetrix GeneChip produces a detection call, with P (present call, requiring a p value < 0.05) indicating good quality, M (marginal call, requiring a 0.05 < p value < 0.065) indicating intermediate quality and A (absent call with a p value > 0.065) indicating relatively low reliability. Therefore, probe sets that resulted in A calls in the compared groups were removed to filter false positives. Next, fold change (the ratio of the normalized signal value of the surgical groups at each time point to that of the control groups) and a T-test performance were applied to select the differentially expressed genes using a fold change threshold of 3.0-fold and a p < 0.05 to indicate significance. e.g., the gene with ≥ 3-fold higher expression than the control was regarded as up-regulation; the gene with ≥ 3-fold lower expression than the control, as down-regulation; the gene with 0.33-2.99 fold, as an insignificantly expressed gene. The normalized values of three independent chip analyses at each time point were averaged as the effective values (Guo et al., 2008; Wang et al., 2007) .
Quantitative real-time PCR
To verifying the chip data, six genes including jun, myc, ttr, trim24, des and vim were selected for RT-PCR analysis. Primer sequences for cDNA synthesis were designed by primer express 2.0 software and synthesized by Beijing Sunbiotech Co., Ltd. according to the mRNA sequences of above six genes (Table 1) (Yoon et al., 2002) . Before RT performance, Dnase I (Promega) was used to digest the genomic DNA. Total RNA from the isolated LSCs at different time points after PH was individually reverse-transcribed using random primers and a reverse transcription kit (Promega). First-strand cDNA synthesis of the six genes was carried out with SYBR® Green I on Rotor-Gene 3000 (Corbett Robotics). Standard curves were generated from five repeated ten-fold serial dilutions of cDNA, and the copy numbers of target genes in the sample per 1 ml were calculated according to standard curve.
Identification of rat liver regeneration-related genes Cell samples at each time point were analyzed at least three times using the rat genome 230 2.0 array. One-Way ANOVA
